Membrane reshaping resides at the core of many important cellular processes, and among its mediators are the BAR (Bin, Amphiphysin, Rvs) domain-containing proteins. We have explored the diversity and function of the Rvs BAR proteins in Candida albicans and identified a novel family member, Rvs167-3 (orf19.1861). We show that Rvs167-3 specifically interacts with Rvs162 to form a stable BAR heterodimer able to bind liposomes in vitro. A second, distinct heterodimer is formed by the canonical BAR proteins Rvs161 and Rvs167. Purified Rvs161/Rvs167 complex also binds liposomes, indicating that C. albicans expresses two functional BAR heterodimers. We used live-cell imaging to localize green fluorescent protein (GFP)-tagged Rvs167-3 and Rvs167 and show that both proteins concentrate in small cortical spots. However, while Rvs167 strictly colocalizes with the endocytic marker protein Abp1, we do not observe any colocalization of Rvs167-3 with sites of endocytosis marked by Abp1. Furthermore, the rvs167-3Δ/Δ mutant is not defective in endocytosis and strains lacking Rvs167-3 or its partner Rvs162 do not display increased sensitivity to high salt concentrations or decreased cell wall integrity, phenotypes which have been observed for rvs167Δ/Δ and rvs161Δ/Δ strains and which are linked to endocytosis defects. Taken together, our results indicate different roles for the two BAR heterodimers in C. albicans: the canonical Rvs161/Rvs167 heterodimer functions in endocytosis, whereas the novel Rvs162/Rvs167-3 heterodimer seems not to be involved in this process. Nevertheless, despite their different roles, our phenotypic analysis revealed a genetic interaction between the two BAR heterodimers, suggesting that they may have related but distinct membraneassociated functions.
INTRODUCTION
Membrane reshaping is key to many cellular processes such as cell division, vesicle transport, and endocytosis. Several proteins have been implicated in membrane reshaping, among them proteins that are able to sense, promote, and stabilize local membrane curvature. One prominent protein module is the BAR (Bin/ Amphiphysin/Rvs) domain (1-3). The BAR monomer consists of 3 α-helixes (see Fig. S1 in the supplemental material) that, upon dimerization, provide its characteristic "banana shape" structure. Positively charged residues in its concave face interact with negatively charged lipid head groups localized on the cytosolic side of the membrane bilayer (4) (5) (6) . While BAR domains do not always display high sequence identity, the conservation of their structure is striking (7, 8) . The degrees of intrinsic curvature differ among the members of the BAR superfamily (9) . Three groups can be distinguished: the classical BAR domain, the F-BAR domain that consists of an FCH domain and a coiled-coil region, and the I-BAR domain. A subgroup of the classical BAR is the N-BAR, which is characterized by an N-terminal amphipathic helix (also called helix 0 [H0]). BAR, N-BAR, and F-BAR domains can sense and promote positive membrane curvature, whereas the I-BAR domains promote negative curvature (1, 8) . Pinkbar is a newly identified domain that seems to stabilize planar membranes (10) . Two major models have been proposed to explain the membrane binding and curvature-inducing properties of BAR domains: the "scaffolding" model and the "amphipathic insertion" model. According to the first model, the electrostatic interactions between the positively charged BAR amino acids and the negatively charged phospholipids result in membrane bending as the BAR domains impose the curvature of their shape on the membrane (11) . The second model proposes that membrane curvature is initially generated by insertion of amphipathic helixes into the lipid bilayer (12) and is further stabilized by the BAR domain itself (13) . Despite the substantial experimental evidence in support of each model, the exact mechanism of membrane bending remains elusive. BAR domains are found as dimers, and the importance of their dimerization is illustrated by experiments where dimerization-impaired endophilin mutants are unable to bind and bend membranes (14, 15) . Both homodimerization and heterodimerization have been observed. Heterodimerization often but not exclusively occurs between proteins of the same family, such as mammalian amphiphysin 1 and amphiphysin 2 (16) and the amphiphysin homologs in yeast, Rvs161 and Rvs167 (17, 18) . However, amphiphysin 2 has also been found to heterodimerize with Snx4 (19) , representing an additional layer of complexity to the BAR-BAR protein interaction network. The exact mechanisms that determine homodimerization or heterodimerization remain largely unknown. Specific amino acids that promote homodimerization and inhibit heterodimerization have been identified only for Snx33 (20) . BAR domain-containing proteins (endophilin, amphiphysin, sortin nexins) play an essential role in clathrin-mediated endocytosis, a process that connects membrane curvature and actin organization. In this highly orchestrated process, the cell is able to internalize part of its plasma membrane, receptors, and cargo from its surface and subsequently release them in a vesicular form in the cytoplasm as a response to external (i.e., absence or presence of nutrients) or internal (i.e., polarized growth) signals (21) (22) (23) . The complexity of this process is illustrated by the fact that more than 50 proteins are involved in clathrinmediated endocytosis in Saccharomyces cerevisiae. Evidence obtained from livecell imaging analysis places the N-BAR proteins Rvs161 and Rvs167 at the late stage of endocytosis, promoting the scission of the invaginated vesicle from the plasma membrane (24, 25) .
In addition to an N-terminal BAR domain, Rvs167 proteins contain an Srchomology 3 (SH3) domain in their C terminus. SH3 domains are relatively small domains consisting of about 60 amino acids and are known to mediate transient protein-protein interactions (26) . Their structure is widely studied and consists of five well-conserved antiparallel β strands, forming two β sheets that are joined together by three less-well-conserved loop sequences, the RT loop, the n-src loop, and the distal loop. They are known to bind to proline-rich sequences in their binding partners. The minimum binding consensus for SH3 binding is PxxP, in which P denotes proline and x any amino acid. The specificity of SH3 domains is determined by a conserved hydrophobic motif and sequences in the RT and the nSrc loops. Many proteins involved in signaling cascades as well as in endocytosis contain SH3 interaction domains. Besides well-defined roles in endocytosis, other cellular functions have been associated with the Rvs proteins. Rvs167 has been implicated in polarized exocytosis (27) , whereas Rvs161 seems to play an active role in cell fusion through its interaction with Fus2 (28) and in polarizing actin filaments (29) . In addition, there is compelling genetic evidence to suggest a connection between Rvs161 and Rvs167 and sphingolipid biosynthesis (30, 31) . Here we focus on the Rvs family in the human fungal pathogen Candida albicans. To date, four proteins belonging to the Rvs family have been identified in C. albicans: two proteins with a domain composition similar to that of S. cerevisiae Rvs167 (ScRvs167), named Candida albicans Rvs167 (CaRvs167) and CaRvs167-2, and two proteins with a domain structure similar to that of ScRvs161, denoted CaRvs161 and CaRvs162 (32, 33) . Genetic and biochemical experiments have shown an important role for CaRvs161 and CaRvs167 in endocytosis, hyphal formation, and virulence, but the functions of CaRvs167-2 and CaRvs162 have remained enigmatic (32, 33) . We have identified a novel fifth member of the C. albicans Rvs family, which we have termed Rvs167-3 (orf19.1861), and provide strong in vitro and in vivo evidence for the existence of two specific BAR heterodimers: Rvs161/Rvs167 and Rvs162/Rvs167-3. Both BAR heterodimers are able to bind liposomes in vitro, an observation that is in line with the reported membrane binding properties of BAR modules. We report for the first time the localization of Rvs167 and Rvs167-3 in C. albicans and show that both proteins can be found in small cortical puncta. However, Rvs167, but not Rvs167-3, colocalizes with sites of endocytosis marked by Abp1. Consistent with this, we show that the rvs167-3Δ/Δ mutant is not deficient in endocytosis. Finally, a phenotypic screen performed with single-and double-deletion strains revealed a genetic interaction between the two BAR heterodimers, suggesting that, although they do not colocalize to the same membrane structures, they may have partially overlapping functions. Table 1 and are derivatives of SN148 or SN76 (34) . Primers and plasmids used in this study are listed in Table S1 and Table S2 in the supplemental material, respectively. C. albicans deletion strains were constructed by sequential deletion of both copies of the targeted gene using a PCR-based procedure as described previously (35) . Proper integration of deletion cassettes was confirmed by PCR using a combination of primers flanking the site of cassette integration and internal primers. The rvs deletion strains, used in the phenotypic screen, were transformed with linearized plasmids containing the appropriate marker genes to make them prototrophic. C. albicans RVS alleles were C-terminally tagged by the insertion of the 3HA (hemagglutinin) epitope, the 6MYC (c-Myc) epitope, the gamma green fluorescent protein (GFPγ) gene (36) , or the yEmRFP gene (37) using a PCR-based procedure and homologous recombination (38) . Construction of the pFA-3HA-URA3 Cterminal tagging plasmid was described before (38) . To create pFA-3HA-HIS1 and pFA-3HA-ARG4, the HIS1 gene and ARG4 gene were isolated from pFA-GFP-HIS1 and pFA-GFP-ARG4 by the use of AscI and PmeI (39), respectively, and then inserted into pFA-3HA-URA3 cut with AscI and PmeI. Construction of both pFA-3HA-C. maltosa LEU2 (CmLEU2) and pFA-6MYC-CmLEU2 involved the AscI-PmeI isolation of the CmLEU2 from plasmid pFA-GFPCmLEU2 (number 697; see reference (40) , which was subsequently ligated into AscI-PmeI-digested pFA-3HA-C. dubliniensis HIS1 (CdHIS1). The 6MYC tag was obtained by PCR amplification using pFA6a-13MYC-KanMX6 (41) with primers containing 5ʼ PstI and 3ʼ AscI sites and used to exchange the 6MYC tag for 3HA in pFA-3HA-CmLEU2. Correct transformants were identified by both PCR and immunoblotting using antibodies raised against the tags. BAR domain fragments were amplified from C. albicans or S. cerevisiae genomic DNA using a combination of forward and reverse primers as given in Table S1 in the supplemental material, thereby introducing restriction sites at the 5ʼ and 3ʼ ends of the gene fragment. All PCR fragments were cloned into the pGEM-T Easy vector using the A-tailing procedure (Promega). The presence of the correct insertion was confirmed by restriction endonuclease digestion analysis and sequencing. Next, pGEM-T Easy-BAR plasmids were digested using NcoI and NotI or PciI and NotI (Sc167BAR) and the resulting fragments were ligated into NcoI-NotI-digested pPC97mMYC, pPC86mHA, or pET-21d(+), respectively. pPC97mMYC and pPC86mHA are derivatives of the yeast two-hybrid (Y2H) pPC97 and pPC86 vectors (42) This study # Derived from strain SN76 * Derived from strain SN148 ♮ Derived from strain BWP17
MATERIALS AND METHODS

Transformation.
C. albicans and S. cerevisiae transformations were done as described previously using lithium acetate (43, 44) .
Yeast two-hybrid interactions.
The constructed Y2H plasmids (see Table S2 in the supplemental material) were transformed to the S. cerevisiae Y2H Gold strain, and the strength of interaction was assessed by spotting serial dilutions of logarithmically grown cells onto minimal plates without histidine (His-), without histidine and containing 20 mM 3-amino-1,2,4-triazole (3AT) (Sigma-Aldrich), or without adenine (Ade-). Growth on plates without adenine indicated a stronger interaction, as the ADE2 reporter gene has a weaker GAL4 promoter sequence than the HIS3 reporter gene whereas 3AT increases the stringency of the histidine selection.
Purification of Rvs161/Rvs167 and Rvs162/Rvs167-3 heterodimers. Polycistronic vector plasmids 12 and 20 were transformed to E. coli BL21-CodonPlus(DE3)-RIPL (Stratagene) cells, grown at 37°C until an optical density at 600 nm (OD600) of 0.7 was reached, and induced overnight at 16°C with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTGl Invitrogen Life Technologies). Pelleted cells were lysed in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5% glycerol, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
[PMSF]) with protease inhibitor cocktail (Roche) by sonication (Sanyo Soniprep). The CaRvs161/6His-MBP-CaRvs167 and CaRvs162/6His-MBP-CaRvs167-3 heterodimers were purified over an amylose column (New England BioLabs) followed by removal of the 6His-MBP tag from the heterodimers by TEV protease treatment. After the TEV treatment step, an ultracentrifugation step (30 min at 100,000 X g) was included to remove insoluble protein. The soluble fraction was poured over a nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen) to remove the 6His-MBP tag, and the flowthrough fraction containing the free heterodimers was buffer exchanged (PD10 desalting column; GE Healthcare) into 20 mM HEPES (pH 7.4)-100 mM NaCl. 
Immunoblotting.
Protein extracts were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Whatman Protran; GE Healthcare) using a semidry transfer system (Bio-Rad). The membranes were incubated in blocking solution consisting of 2% powdered milk-Tris-buffered saline (TBS; 10 mM Tris-HCl [pH 8.0], 150 mM NaCl) and then overnight at 4°C with primary antibody solution, followed by incubation with the appropriate anti-horseradish peroxidase-conjugated secondary antibody, when required. Chemiluminescence detection of the cross-reacting bands was performed using a SuperSignal West Dura kit (Pierce Biotechnology, Inc.) and an ImageQuant LAS 4000 system (GE Health-care Life Sciences). The primary antibodies used included α-HA rat monoclonal peroxidase-conjugated antibody (3F10; Roche), α-MYC mouse monoclonal antibody (9B11; Cell Signaling Technology), and α-HXK (hexokinase).
Lipid cosedimentation assay.
Liposomes were prepared as previously described (6) . Prior to use, liposomes were sequentially passed through a 0. 
Fluorescence microscopy.
The endocytic capacity of strains was determined as described previously (32) . Briefly, logarithmically growing cells were incubated for 15 min on ice with 20 μM SynapseRed C2 (equivalent to FM4-64; PromoCell, Germany), washed, diluted in fresh YPD medium, and incubated for different time periods. Dye internalization was evaluated by fluorescence microscopy. For live-cell imaging, GFP-tagged and red fluorescent protein (RFP)-tagged strains were grown for 16 h at 28°C with shaking and were embedded in low-melting-point agarose before imaging. All images were collected in the Core Facility Cellular Imaging/LCAM-AMC using a DM RA HC microscope (Leica Microsystems, Wetzlar, Germany) equipped with a cooled charge-coupled-device (CCD) camera (Apogee Instruments, CA, USA) and a 100X 1.4-numerical-aperture (NA) Plan-Apochromat objective.
Phenotypic screen.
Wild-type (SN148-P) and rvs knockout strains were grown in either rich (YPD) or minimal (YNB-0.3% glucose) medium to an OD600 of ~1 to ~2, washed twice, resuspended to an OD600 of 0.2, and serially diluted (10-fold) in water. A 4-μl volume of each dilution was spotted on agar plates supplemented with various (stress-inducing) compounds (see Table S3 in the supplemental material). Plates were incubated for 2 to 5 days at the indicated temperatures before pictures were taken and growth was scored.
RESULTS
The C. albicans Rvs protein family consists of five members. Four Rvs proteins have been reported so far in C. albicans, namely, the canonical Rvs161 and Rvs167 proteins and their paralogs, Rvs162 and Rvs167-2, respectively (32, 33) . BLAST analyses performed with the C. albicans genome revealed a putative new paralog of Rvs167, encoded by the uncharacterized orf19.1861 gene, which we named Rvs167-3. Rvs167-3 has the same domain architecture as Rvs167 and Rvs167-2, containing an N-terminal BAR domain and a C-terminal SH3 domain (Fig. 1) . Secondary-structure prediction identified three long α-helices (residues 32 to 330) and an N-terminal sequence of ~22 residues that appears to fold into an amphipathic α-helix (denoted H0), thus defining CaRvs167-3 as an N-BAR protein (see Fig. S1 in the supplemental material). Multiple sequence alignments performed with Rvs167 proteins from different yeast species revealed that CaRvs167-3 has sequence identity of 13.9% with C. albicans Rvs167, 20.2% with S. cerevisiae Rvs167, and 13.6% with Schizosaccharomyces pombe Hob1. Orthologs of CaRvs167-3 can be found in species closely related to C. albicans (see Fig. S2 ).
Expression of Rvs family members.
To determine whether all five Rvs proteins are expressed in C. albicans yeast cells, one allele of each RVS gene was C-terminally epitope tagged either with 3-HA or with 6-MYC. Western blot analysis showed that, with the exception of Rvs167-2, the Rvs proteins were expressed in mid-exponential-growth-stage yeast cells in YPD medium (Fig. 2) . The results of immunoblot analysis of C. albicans strains in which the different Rvs proteins were Cterminally tagged with either 3HA (triple hemagglutinin epitope) or 6MYC (sextuple myc epitope) are shown. Cells were grown to midexponential phase in YPD medium, and equal amounts of total lysates were separated on a 10% acrylamide gel, except for RVS167-HA, for which five times less total protein was loaded because of the high expression level. Blots were probed with antibodies directed against HA (left) or MYC (right) and against hexokinase (HXK) as a loading control.
As we have been unable to detect the expression of tagged Rvs167-2 under various culture conditions, including hyphal growth and H2O2-induced oxidative stress conditions (see Fig. S3 in the supplemental material), the in vivo function of this protein was not further addressed in this study. The migration of the other four Rvs proteins in SDS-PAGE gels corresponded to their calculated molecular masses (for RVS167-HA, 55.7 kDa; for RVS167-3, 77 kDa; for RVS161-HA, 34.5 kDa; and for RVS162-MYC, 49.5 kDa). We observed that Rvs167 was highly expressed compared to the other Rvs proteins; therefore, five times less total protein was loaded on the gel for analysis. In line with previous observations (32), slower-migrating Rvs167 bands were detected, suggesting that Rvs167 undergoes posttranslational modifications such as phosphorylation or possibly ubiquitination. The nature of these slower-migrating bands was not further analyzed in this study.
Yeast two-hybrid analysis reveals specific BAR-BAR interactions among the five Rvs family members. Next, we wished to determine which Rvs proteins in C. albicans form dimers. We focused on the BAR domains, as previous work showed that Rvs proteins interact through their BAR domains to form a functional BAR dimer, also described as the BAR module (4, 14) . While the conditions under which Rvs167-2 is expressed are currently unknown, we have included this protein in our Y2H screen to investigate BAR domain-mediated interactions among the five Rvs family members. This analysis revealed the existence of three putative BAR heterodimers: Rvs161/Rvs167, Rvs162/Rvs167-2, and Rvs162/Rvs167-3 ( Table 2 ). In addition, Rvs167 and Rvs167-2 showed weak self-association. The specificity and strength of the observed interactions were further assessed in a semiquantitative Y2H spot assay ( Fig. 3 ; see also Fig. S4 in the supplemental material) . Consistent with the qualitative Y2H data (Table 2) , strong interactions were observed between fulllength Rvs161 and Rvs167-BAR (with or without helix-0), between full-length Rvs162 and RVS167-2-BAR (without helix-0), and between full-length Rvs162 and RVS167-3-BAR (with or without helix-0), as cells grew on His-plates in the presence of 20 mM 3AT and on Ade-plates (Fig. 3B , top panels; see also Fig. S4 ). No interaction was observed between Rvs161 and Rvs167-3-BAR, Rvs162, and Rvs167-BAR, Rvs161 and Rvs162, or Rvs167-BAR and Rvs167-3-BAR (Fig. 3B , bottom panels). Three constructs, Rvs167-2, RVS167-3, and, to a lesser extent, RVS167, grew on His-plates when tested against an empty plasmid, suggesting weak self-activation of the constructs (see Fig. S4 ). Together, these results suggest a specific interaction between the BAR domains of Rvs167 and Rvs161, between Rvs167-2 and Rvs162, and between Rvs167-3 and Rvs162. Rvs161/Rvs167 and Rvs162/Rvs167-3 form stable heterodimers in vitro.
To determine if the BAR-BAR interactions between Rvs167 and Rvs161 and between Rvs167-3 and Rvs162 are direct, in vitro binding assays were performed. To this end, polycistronic vectors expressing one of the two interacting partners as a chimeric protein with the 6His-MBP epitope followed by a TEV recognition site fused to its N terminus and the other partner as an untagged protein were constructed. Figure 4A shows that His6-MBP Rvs167-BAR without H0 (-H0) and the untagged Rvs161 (-H0) copurified in a 1:1 ratio after affinity purification on amylose beads, suggesting that the interaction between Rvs167 and Rvs161 is direct. To exclude the possibility that the 6His-MBP tag was responsible for the copurification of the untagged protein, 6His-MBP was cleaved off by incubation with TEV protease and removed using a Ni-NTA column. As can be seen in Fig.  4A , the Ni-NTA flowthrough fractions (lanes 6 and 7) contained the (untagged) Rvs167-BAR and Rvs161 proteins in a 1:1 ratio, providing strong evidence that Rvs167-BAR and Rvs161 form stable heterodimers. Using the same procedure, Rvs162(+H0)/Rvs167-3-BAR(-H0) heterodimers could be purified from E. coli cells expressing His6-MBP-Rvs167-3-BAR(-H0) and untagged Rvs162(+H0) (Fig. 4B) .
Of note is that we consistently found that tagged or untagged Rvs BAR constructs were mostly insoluble when expressed individually in E. coli (our unpublished data). These biochemical data are consistent with previous reports showing that BAR domains do not fold properly in the absence of their partner (45, 46) and emphasize that the functional Rvs BAR module is a (hetero)dimer. E. coli cells expressing 6His-MBP-RVS167BAR and untagged RVS161BAR (A) or 6His-MBP-RVS167-3BAR and untagged RVS162 (B) were lysed, and the soluble fraction (lane 1) was purified over an amylose column. The eluate (lane 2) was subjected to TEV protease treatment (lane 3) followed by an ultracentrifugation step to separate the soluble fraction (lane 4) from the insoluble fraction (lane 5). The (cleaved) 6His-MBP tag and the 6His-TEV tag were removed from the soluble fraction using a Ni-NTA column. RVS167BAR and RVS161 proteins (A) and RVS167-3BAR and RVS162 proteins (B) were recovered in a 1:1 ratio in the Ni-NTA flowthrough fractions (lanes 6 and 7), indicating copurification due to direct interaction between the BAR domains.
In vivo evidence for Rvs161/Rvs167 and Rvs162/Rvs167-3 heterodimer formation.
To test whether the Rvs proteins interact in vivo, we performed coimmunoprecipitation experiments on C. albicans strains expressing C-terminally tagged (HA or MYC) Rvs proteins from their endogenous promoter. We constructed strains in which both proteins of the presumed heterodimer were individually tagged and control strains in which only one of the partner proteins was epitope tagged. Western blot analysis of the immunoprecipitates showed coimmunoprecipitation in both directions for Rvs161-HA with Rvs167-MYC (Fig.  5A ) and Rvs167-3-HA with 162-MYC (Fig. 5B) , suggesting that these proteins interact in vivo. Previous work in S. cerevisiae has shown reduced stability of Rvs161p in the absence of its partner Rvs167 and vice versa (17) , indicating that the interaction between Rvs161 and Rvs167 is required for stability in vivo. To provide further evidence for the existence of the two Rvs heterodimers in C. albicans, we assessed protein levels of the four Rvs proteins in the presence and absence of their partners. Wild-type strains expressing a tagged Rvs protein were compared with strains in which the partner had been deleted. In concordance with previous results in S. cerevisiae, deletion of RVS161 resulted in a strong reduction of Rvs167 protein levels and vice versa ( Fig. 6A and B) . Also, the levels of Rvs167-3 were markedly reduced in the rvs162 deletion mutant (Fig. 6C) . Remarkably, the levels seen with Rvs162 did not change significantly in the absence of its partner Rvs167-3. While our in vitro binding experiments clearly show that Rvs162 and Rvs167-3 heterodimerize, these stability experiments suggest that Rvs162 may interact with another partner in the absence of Rvs167-3 in vivo, resulting in its stabilization. Deletion of the RVS167-2 gene either in a wild-type strain or in the rvs167-3Δ/Δ mutant did not affect Rvs162 levels (see Fig. S5 in the supplemental material), indicating that Rvs167-2 is not required for Rvs162 stability in vivo.
Whether another protein plays a role in Rvs162 stabilization remains to be investigated. Together, these data strongly suggest that two Rvs heterodimers exist in C. albicans: Rvs161/Rvs167 and Rvs162/ Rvs167-3. 
Rvs161/Rvs167 and Rvs162/Rvs167-3 bind to lipid membranes in vitro.
One of the hallmarks of the BAR domain family of proteins is their ability to bind membranes (1, 3, 4). To address the membrane binding capacity of both BAR heterodimers in C. albicans, we performed lipid cosedimentation experiments. The BAR heterodimers were purified as described for Fig. 5 . Both the Rvs161/Rvs167 and Rvs162/Rvs167-3 heterodimers showed binding to liposomes ( Fig. 7A and 7B, respectively; see also Fig. S6 in the supplemental material), although binding of the latter seemed more efficient, as up to 50% of the Rvs162/Rvs167-3 heterodimer was recovered in the pellet fraction. Of note is that the individual subunits of the Rvs heterodimers were consistently recovered in a 1:1 ratio in the pellet fraction, suggesting that they bind to lipids as heterodimers. The addition of PI(4,5)P2 (phosphatidylinositol-4,5-bisphosphate) to the liposomes did not affect the efficiency of binding for either Rvs161/Rvs167 or Rvs162/Rvs167-3. 
Rvs167-3 and Rvs167 localize to different cortical structures.
The ability of both BAR heterodimers to bind liposomes implies a function for these proteins at a membrane (either the plasma membrane or an intracellular membrane). To assess their localization in living cells, we C-terminally tagged Rvs167 and Rvs167-3 with GFPγ and C-terminally tagged Abp1, a clathrinmediated endocytosis marker protein, with yEmRFP. In addition, we constructed double-tagged strains expressing both a GFP-tagged Rvs protein and Abp1-RFP. All genes were expressed from their endogenous promoter, and control experiments suggested that the GFP tag does not interfere with Rvs167 or Rvs167-3 function (see Fig. S7 in the supplemental material). Live-cell imaging revealed a dot-like fluorescent signal in the vicinity of the plasma membrane for RVS167-3-GFP, RVS167-GFP, and the endocytic marker Abp1-RFP (Fig. 8A to  D) . In addition, Rvs167 showed overall diffuse staining well above background levels, suggesting that there may have been a cytosolic pool of Rvs167. The observed punctate pat-tern at the cell surface for all three proteins is very reminiscent of the previously reported localization of ScRvs167 and ScAbp1 to cortical actin patches, which are sites of endocytosis (47, 48) . To determine if CaRvs167 and CaRvs167-3 localize to sites of endocytosis, we performed colocalization experiments with Abp1 ( Fig. 8E and F) . While Rvs167 strictly colocalized with Abp1, we could not observe any colocalization of Rvs167-3 with sites of endocytosis marked with Abp1. Together, these results show that Rvs167 and Rvs167-3 localize to different cortical membrane structures and suggest that Rvs167-3 may not be involved in clathrin-mediated endocytosis in C. albicans. 
The rvs167-3Δ/Δ mutant is not deficient in endocytosis.
Douglas and coworkers (32) showed that CaRvs161 and CaRvs167, but not CaRvs162, are required for efficient endocytosis. To directly investigate the involvement of Rvs167-3 in endocytosis, we monitored the ability of the rvs167-3Δ/Δ mutant to internalize the lipophilic dye FM4-64 in a time course experiment (Fig. 9) . The rates of FM4-64 internalization of the wild-type (control) strain and the rvs167-3Δ/Δ mutant were indistinguishable, as both strains showed staining of the vacuole and a few endocytic intermediates after 15 min of incubation. By 30 min, all FM4-64 localized in the vacuolar membrane in both strains, indicating that FM4-64 was efficiently endocytosed. Consistent with previous results (32), the rvs161Δ/Δ mutant showed a severe endocytosis defect, as the FM4-64 staining was predominantly confined to the plasma membrane after 30 min of incubation, with no vacuolar staining.
Figure 9. The Rvs167-3Δ/Δ mutant is not deficient in endocytosis.
The indicated strains were incubated with FM4-64 (20 μM) on ice, washed, diluted in fresh medium, and incubated at 28°C for 7.5, 15, 30, and 60 min. Internalization of the stain was monitored by fluorescence microscopy. Note that the wild-type strain and the rvs167-3Δ/Δ mutant were able to efficiently internalize the stain as revealed by the predominant vacuolar staining and the absence of plasma membrane staining after 15 min of incubation, while the rvs161Δ/Δ mutant was severely affected in endocytosis, with little or no internalization of the stain after 30 min. Scale bar, 10 μm.
Phenotypic analysis reveals a genetic interaction between Rvs167-3 and the Rvs161/Rvs167 heterodimer.
To further investigate the in vivo function of the Rvs proteins in C. albicans, we constructed strains with single or double homozygous deletions of the four RVS genes and performed an extensive phenotypic screen ( Fig. 10 ; see also Table S3 in the supplemental material). As reported previously (32), rvs161Δ/Δ and rvs167Δ/Δ cells displayed increased sensitivity to CFW (calcofluor white) and SDS, suggesting that the mutants have a defect in cell wall biosynthesis. Rvs161Δ/Δ and rvs167Δ/Δ cells also showed increased sensitivity to LiCl and oxidative stress (H2O2 and menadione). In contrast, the rvs167-3Δ/Δ and rvs162Δ/Δ strains did not show a phenotype in any of these conditions. These data corroborate previous findings for strain rvs162Δ/Δ and indicate that the Rvs162/Rvs167-3 heterodimer does not play a role in cell wall integrity pathways. Interestingly, we found marked growth differences between the deletion strains in the presence of high salt concentrations (1 M and 1.5 M) and, to a lesser extent, at low temperature (16°C).
In contrast to what has been reported, the rvs161Δ/Δ and rvs167Δ/Δ strains but not the rvs162Δ/Δ strain were very sensitive to high salt. The rvs167-3Δ/Δ strain showed an increased tolerance of high salt concentrations and growth at low temperature (16°C) com-pared to the wild-type strain. Deletion of either RVS161 or RVS167 suppressed the high-salt-concentration and low-temperature-tolerance phenotype of the rvs167-3Δ/Δ strain, implying a genetic interaction between Rvs167-3 and the Rvs161/Rvs167 heterodimer. 
DISCUSSION
The N-BAR-containing Rvs proteins and their membrane binding and bending properties play an essential role in endocytosis in yeast (23) . Here we focus on the N-BAR Rvs family in the human fungal pathogen C. albicans and identify a novel family member, Rvs167-3 (orf19.1861). The domain organization of Rvs167-3 is similar to that of the previously identified CaRvs167 and CaRvs167-2 proteins, harboring an N-terminal N-BAR domain and a C-terminal SH3 domain (Fig. 1) . While CaRvs167-3 shows a relatively low level of sequence similarity with CaRvs167, ScRvs167, and Schizosaccharomyces pombe Rvs167 (SpRvs167) (Hob1) and contains several insertions, a prediction of its secondary structure (http://bioinf.cs.ucl.ac.uk /psipred//?program=psipred) revealed striking structural conservation, with three predicted α-helices and a short N-terminal amphipathic α-helix, thus identifying Rvs167-3 as an N-BAR protein (see Fig. S2 in the supplemental material). The relatively low sequence similarity with Rvs167 proteins of other yeast species may explain why CaRvs167-3 was not previously recognized as an N-BAR protein. A BLAST search of the sequenced fungal genomes at the Broad Institute (http://www.broadinstitute.org/annotation/genome /FGI_Blast/) revealed that four other closely related fungal species (C. tropicalis, C. lusitaniae, C. dubliniensis, and Debaryomyces hansenii) contain both the canonical Rvs167 and an ortholog of the CaRvs167-3 protein (Fig. S2 and data not shown), suggesting that they, like C. albicans, express two distinct BAR heterodimers (see below). We provide several lines of evidence to support the model that C. albicans expresses two functionally distinct BAR heterodimers: Rvs161/Rvs167 and Rvs162/Rvs167-3. First, we show a strong interaction between the BAR domains of Rvs161 and Rvs167 and of Rvs162 and Rvs167-3 both in yeast two-hybrid assays and in vitro ( Fig. 3 and 4) . Second, we show that Rvs161 coimmunoprecipitates with Rvs167 and Rvs162 with Rvs167-3 (Fig. 5) . Third, in line with previous observations in S. cerevisiae (18, 46, 49) , we show for the Rvs161/Rvs167 heterodimer that each RVS gene is required for the in vivo stability of its Rvs protein partner. While deletion of RVS162 resulted in a strong reduction of Rvs167-3 levels, we did not observe a reduction of Rvs162 protein levels when RVS167-3 was deleted (Fig. 5) . Control experiments showed that Rvs162 protein levels were also not affected in a strain harboring a deletion of RVS167-2 or RVS167-2 and RVS167-3 (see Fig. S5 in the supplemental material), suggesting that while Rvs167-2 can interact with Rvs162 in yeast two-hybrid assays, this protein is not involved in the in vivo stabilization of Rvs162. Why Rvs162 is stable in the absence of its (known) partner proteins remains to be investigated. Previous studies on mammalian amphiphysins and the amphiphysin homologs Rvs161 and Rvs167 in yeast have shown their capability to bind to liposomes in vitro (4, 18, 50) . Here we report for the first time that C. albicans Rvs161/Rvs167 and Rvs162/ Rvs167-3 heterodimers, purified from a heterologous system, bind to liposomes (Fig. 7) . A significantly higher percentage of membrane binding (up to 50% binding) was found in the lipid cosedimentation assay for Rvs162/Rvs167-3 than for Rvs161/ Rvs167 (up to 20% binding). As the N-terminal amphipathic helix (H0) in N-BAR proteins contributes to membrane binding activity (4, 51) a likely explanation for this observation is that the constructs used to purify the Rvs161/Rvs167 heterodimer both lack the N-terminal helix whereas in the Rvs162/Rvs167-3 heterodimer, one of the subunits, Rvs162, still contains the Nterminal helix. Due to solubility issues with constructs harboring the N-terminal amphipathic helix, we have been unable to further address its contribution to the membrane binding activity of the Rvs heterodimers. The two Rvs heterodimers bound equally well to standard Folch lipids and to Folch lipids containing 5% PI(4,5)P2, suggesting that, like amphiphysins (4), the Rvs heterodimers bind to membranes in a PI(4,5)P2-independent manner.
The function of the Rvs161/Rvs167 heterodimer in endocytosis and actin polarization is well documented both in yeast (18, 46) and, more recently, in C. albicans (32, 33) . Consistent with this, we show that CaRvs167 localizes to sites of endocytosis marked by Abp1 (Fig. 8) and that deletion of RVS167 or its partner RVS161 results in increased sensitivity to high salt concentrations and cell-walldisturbing compounds (Fig. 10) . These data extend previous findings (32, 33) and underscore the role of Rvs161/Rvs167 in endocytosis. In contrast, Rvs167-3-GFP foci do not colocalize with the endocytic marker protein Abp1 (Fig. 8) and the rvs167-3Δ/Δ mutant did not exhibit an endocytosis deficiency (Fig. 9) . Also, phenotypic analysis of the rvs167-3Δ/Δ strain did not provide any evidence for a role of Rvs167-3, or its partner Rvs162, in endocytosis, as neither rvs167-3Δ/Δ cells nor rvs162Δ/Δ cells showed increased sensitivity to high salt concentrations or cell wall stressors such as CFW and Congo red. Intriguingly, the rvs167-3Δ/Δ strain showed increased tolerance of high salt concentrations and cell wall stressors compared to wild-type cells (Fig. 10 ), a phenotype that was completely reversed when either RVS161 or RVS167 was also deleted in the rvs167-3Δ/Δ strain. These data suggest a genetic interaction between Rvs167-3 and Rvs167/Rvs161. The nature of this genetic interaction remains to be investigated.
In conclusion, we show that C. albicans expresses two functionally distinct BAR heterodimers with membrane binding capabilities. While our data and those of others (32, 33) are consistent with a role of the Rvs161/Rvs167 heterodimer in clathrin-mediated endocytosis, we have no evidence to suggest that the Rvs162/ Rvs167-3 heterodimer is involved in this process. Rvs162 and Rvs167-3 are expressed during vegetative growth, and the localization of Rvs167-3 suggests a role for this protein at the plasma membrane. Interestingly, orthologs of CaRvs167-3 are present in closely related species (Fig. S2 and data not shown), suggesting that Rvs167-3 function is conserved in the Candida clade. Two distinct features of the Rvs167-3 protein may help to unravel its function in the future. First, bioinformatic analysis (http: //heliquest.ipmc.cnrs.fr/) revealed that the polar face of the amphipathic helix of Rvs167-3 (and of its orthologs in closely related yeast species) does not contain basic residues like Rvs167 but is enriched in polar residues (Ser/Thr/Asn/Gln) (see Fig. S8 ). It has been previously suggested that amphipathic helices play an important role in membrane curvature sensing (51, 52) , and the different amino acid compositions and physicochemical properties of the Rvs167 and Rvs167-3 amphipathic helices may direct these proteins to membranes with distinct curvature. Second, in contrast to Rvs167, the SH3 domain of Rvs167-3 does not bind canonical Pro-rich ligands (A. Gkourtsa and B. Distel, unpublished data) but binds to noncanonical peptides lacking proline residues, suggesting that Rvs167-3 has different binding partners from Rvs167 in vivo.
Identification of proteins interacting with the SH3 domain of Rvs167-3 may provide clues to the in vivo function of this protein in C. albicans and its close relatives. Cells were pre-grown on either rich (YPD) or minimal (YNB/0.3% glucose) medium, washed twice, resuspended to an OD600 of 0.2, and serially diluted (1:10). Four micro liters of each dilution was spotted onto agar plates. Growth was scored after 2-5 days incubation at indicated temperatures. Immunoblot analysis of HA-tagged Rvs167-2 in wild type and, as well as in the rvs167-3 Δ/Δ double deletion, background. (A)The indicated strains were grown to mid-logarithmic phase in YPD or in YPD+10% FCS to test for protein expression in both yeast (y) and hyphal (h) cells respectively. Cells were then lysed and protein extracts were analyzed by SDS-PAGE and immunoblotting. Blots were probed with antibodies directed against HA. Asterisk (*) indicates cross-reacting band running just above the Rvs167-3-GFP band. Rvs167-2-HA molecular weight is calculated at 45.8kDa and is indicated on the figure. Similar approach was followed (B) main difference is that prior to lysis, H2O2 or Congo Red was added to the cells at an end concentration of 5mM and 100μM/ml respectively. Cells were incubated in H2O2 for 15 or 30min before lysis and in Congo Red for 1 or 2 hours. After cells were lysed, the protein extracts were further analysed by immunoblotting.
SUPPORTING INFORMATION Supplementary
Supplementary Figure 4. Yeast-Two-Hybrid control experiments.
Indicated BAR constructs, either in bait or prey plasmid, were co-transformed with an empty plasmid (bait or prey) and tested for interaction by spotting serial diluted cells on selective plates as described in Material and Methods. Both Rvs167-3 and Rvs167 show weak self-activation when present in the bait plasmid as revealed by growth on His -plates. 1 µM) is not substantially increased as compared to low protein concentration (1.7 µM) (see also Figure 7B ). Experiment was carried out as described in the legend to Figure 7 .
Supplementary
Supplementary Figure 7. GFP tagging does not intervene with Rvs167 and Rvs167-3 function.
Immunoblot analysis of wild type and rvs deletion strains expressing GFP tagged Rvs proteins. The indicated strains were grown to mid-logarithmic phase in YPD, lysed and protein extracts were analyzed by SDS-PAGE and immunoblotting. Blots were probed with antibodies directed against GFP and hexokinase (HXK) as loading control.
